Rigid polyurethane (PU) nanocomposite foams filled with multi-walled carbon nanotubes (MWCNTs),
Introduction
Electromagnetic interference (EMI) is dened as the process by which disruptive electromagnetic energy is transmitted from one electronic device to another via radiated or conducted paths or both. 1 Therefore, the function of a shield is to prevent the emissions of the electric and magnetic waves from propagation from one region to another. Nowadays, polymer composites are being studied for EMI shielding applications because of their lightweight, corrosion resistance and ease processability as compared to traditional shields made of metals. In particular, polymer nanocomposite foams lled with carbon nanoparticles are promising systems to use as EMI shielding materials due to the combination of the foam's low density, dielectric constant (3 0 ) and thermal conductivity with the unique electrical and mechanical properties of the carbon nanoparticles. [2] [3] [4] [5] [6] [7] [8] The attenuation performance or effectiveness of EMI shields is considered as a combination of absorption and reection mechanisms and is normally expressed in decibels (dB). The shielding effectiveness (SE) of common commercial applications is around 20 dB in the X-band region (8) (9) (10) (11) (12) GHz) while the target conductivity value is 1 S m À1 . 4 In the literature, these values have mainly been achieved with high contents of nanoparticles in the polymer foams. For example, the target EMI SE value was achieved with the inclusion of 15 wt% of carbon nanobres (CNFs) 3 and 7 wt% nanotubes (CNTs) 3 in polystyrene (PS) foams. Thomassin et al. 4 developed foams of polycaprolactone (PCL) lled with MWCNTs for EMI shielding applications. They achieved shielding efficiencies as high as 60-80 dB with low reectivity at 2 wt% of MWCNTs (0.25 vol%). Fletcher et al. 5 demonstrated that foaming an elastomer uorocarbon polymer with MWCNTs reduced the weight of the material by 30% with a minor impact on the EMI properties. Recent studies on foam composites with graphene sheets have been developed with poly(methyl methacrylate) (PMMA) 7 and polyvinylidene uoride (PVDF) 6 foams. These studies obtained an EMI shielding efficiency of around 19 dB with 5 wt% graphene in both PMMA and PVDF foams, attributed to absorption rather than reection mechanisms. In this work, rigid PU foams lled with different CNPs were prepared in order to enhance the EMI properties of these systems. For this reason, we report the results related to the dispersion and kinetics of polymerization of rigid PU nanocomposite foams which determines their nal cellular structure and density that strongly inuences the formation of a conductive pathway within these systems.
Experimental

Materials
The polyol blend used for the synthesis with a hydroxyl number of 343.5 mg KOH g À1 was supplied by Alcupol R-4520 (Repsol Química). The isocyanate was a 4,4 0 -diphenylmethane diisocyanate (MDI), Isocianato H from SynthesiaEspañola S.A. with a viscosity of 300 mPa s À1 at 20 C and an isocyanate content of 31 wt%. DABCO 2097 (potassium acetate in diethylene glycol, Air Products) and PC CAT NP 60 (N,N-dimethylbenzylamine, Performance Chemicals Handels GmbH) were used as catalysts in the reaction. SILSTAB 2100 (block copolymer of dimethylsiloxane and a polyoxyalkylene, Siltech Corp.) was used as a surfactant, PC TOPA (N- [3-(dimethylamino) propyl] tall-oil amide, Performance Chemicals Handels GmbH) was used as a ow improving agent and distilled water was the blowing agent in the reaction.
Multi-walled carbon nanotubes (MWCNTs) were grown by the chemical vapor deposition (CVD) injection method. 9,10 A 3 wt% ferrocene/toluene solution was injected into a hot quartz tube reactor (760 C) at 5 ml h À1 under inert atmosphere. These nanotubes were chemically-treated with a 3 : 1 concentrated sulphuric-nitric acid mixture and reuxed at 120 C for 30 min; then they were ltered and washed with distilled water until neutral pH. The functionalized MWCNTs (f-MWCNTs) were nally dried at 120 C and stored in a sealed container under vacuum prior to use.
Functionalized graphene sheets (FGS) were produced from the adiabatical expansion 11 of graphite oxide at 1000 C under an inert atmosphere. Graphite oxide was synthesized from natural graphite according to the Brödie method. 12 Full characterization of the CNP used in this study can be found elsewhere. 11, 13, 14 Preparation of rigid PU nanocomposite foams Rigid PU foams were prepared following the formulation summarized in Table 1 . Two loading fractions of CNPs (MWCNTs, f-MWCNTs and FGS) were selected in this work 0.4 and 0.8 phpp which correspond to 0.17 and 0.35 wt% of the resulting composite foam.
First, a xed amount of CNPs was added into the polyol. The mixture was initially sonicated for 10 min with an ultrasonication probe (Sonics VibraCell) in a water/ice bath, and was then stirred under high shear at 2400 rpm for 6 h. Subsequently, the surfactant, catalysts and distilled water were added to the polyol/CNP mixture and stirred at 2400 rpm for 3 min. Finally, the isocyanate was added and mixed for 20 s before foaming occurred in an open cylindrical mould.
Characterization
The rheological behavior of the polyol/CNP dispersions was measured using an Anton Paar P-PTD200/ERD Rheological Device. The geometry used was a stainless-steel corrugated parallel plate with a diameter of 20 mm. The gap was xed to 0.3 mm and a dynamic frequency sweep from 0.01 to 100 rad s À1 at 21 C was employed. The results were averaged over three different samples. The thermal conductivity of the polyol/CNP dispersions was measured with a KD2 probe (Decagon Devices Inc.). The measurements were carried out at room temperature where no convection was present in the polyol/CNP dispersions. The results were the average of at least six measurements for each sample. The adiabatic temperature rise was used to follow the reaction kinetics of rigid PU nanocomposite foams. The exotherms were determined using a Scanning Vibrating Needle Curemeter (Rapra Technology Ltd.) which measured the temperature of the rising foam. The experimental measurements were carried out by centering a stainless steel type K thermocouple in the middle of the mould where the components were pre-mixed for 20 s. The thermocouple was connected to a computer where the data were registered. The results were the average of at least three diverse foam samples. The experimental error for each set of samples was around 10% ascribed to small-scale laboratory sample preparation and vibrating needle positioning. The structure of the foams was qualitatively examined using a Phillips XL30 environmental scanning electron microscope (ESEM) at 15 kV. Cross-sections of the samples were cryo-fractured perpendicular to the foaming direction and the fracture surface was sputter-coated with gold/palladium. The morphology of the foams was analyzed using the program ImageJ. The density of a cubic sample was measured as the sample weight divided by its volume according to ASTM D 1622-03. The results were the average of at least three different foam materials. The EMI shielding effectiveness was measured with a Wiltron 360B vector network analyzer (VNA) in a frequency range from 8 to 12 GHz. Nanocomposite foams were cut into a rectangle (2.9 cm Â 1.07 cm) to t a steel waveguide sample holder. A full two-port VNA calibration was performed at the beginning of each test sequence to correct systematic measurement errors. The reported results were the average of three tested samples for each foam nanocomposite.
Results and discussion
The study of the rheological behavior of polyol/CNP systems is essential to understand the later foaming process and it provides an effective tool for understanding the dispersion degree in lled polymer systems. The dependence of the complex viscosity with the angular frequency for neat polyol and its lled dispersions at 0.4 and 0.8 phpp of CNPs is shown in Fig. 1 .
The rheological behavior of polyol/CNP dispersions can be quantitatively described by the Herschel-Bulkley model (eqn (1)):
where h * is the complex viscosity, u is the angular frequency, s 0 is the yield stress below which there is no ow, k is the consistency index and n is the ow index which describes the rheological behavior (for n < 1 shear-thinning, for n > 1 shear thickening and for n ¼ 1 Newtonian uid). Table 2 summarizes 15 and for carbon nanotubes, 16, 17 observing a decrease of the shear-thinning exponent as the concentration of nanoparticles increased in the systems.
The results show a distinctive rheological behavior of the dispersions as a function of the loading amount of CNPs. Neat polyol exhibits the typical behavior of a Newtonian uid, in which, the viscosity is independent of the frequency. The addition of FGS and low f-MWCNTs loading fractions do not vary the rheological properties of the polyol, showing a ow index value close to 1. However, the dispersions with high loading fractions of f-MWCNTs and in particular, those containing MWCNTs behave as shear-thinning uids and their complex viscosity h* increases up to ve orders of magnitude compared to the Newtonian uids. In agreement with previous studies, 15-17 the shear-thinning exponent of both MWCNTs and f-MWCNTs decreases with increasing loading fractions.
The shear-thinning behavior has widely been observed in polymer nanocomposites 18, 19 and has been ascribed to the development of network structures either through direct interaction of CNPs or polymeric chain bridging between at least two different nanoparticles. The different behavior of the CNPs is related to their different morphology and aspect ratio. Knauert et al. 20 showed that rod-shaped nanoparticles presented the largest complex viscosity and shear-thinning behavior, at any given shear rate, than spherical or sheet-like nanoparticles. They explain this result in terms of the presence of chains that bridge the nanoparticles: MWCNTs readily interact with the polymer chains forming a network of particles interconnected with the matrix; while FGS interact by surface adsorption with the polymer chains and correspondingly have the smallest fraction of bridging chains. Recently, Martin-Gallego et al. 21 described similar results in dispersions of MWCNT and FGS in epoxy resins while Guimont et al. 22 reported the occurrence of shear-thinning in graphite oxide-PDMS suspensions at concentrations above 2 wt% compared to 0.5 wt% MWCNTs of a previous study. 23 Finally, although both MWCNTs and f-MWCNTs presented a shear-thinning behavior it occurs at different percolation threshold due to the lower aspect ratio of the functionalized nanotubes. 17 The reaction kinetics of the PU, such as rates of polymerization, phase separation, solidication as well as the inherent connectivity between the phases, have a profound effect on the nal properties of the system. In this study, three factors have to be considered to establish the effect of CNPs on the reaction kinetics: (i) chain mobility, (ii) CNP functionalization and surface area, and (iii) reaction temperatures. Chain mobility, linked to the system viscosity, has already been reported to control the phase segregation of segmented PU. 24, 25 Hence, large viscosities could result in a slowdown of the reaction kinetics. Meanwhile, large surface area or the presence of oxygen-bearing groups on the CNPs, able of reacting with the isocyanate, could lead to high conversion rates. Finally, due to the highly exothermic nature of the PU reaction, the urethane reaction could be favored by increasing heat transfer. 26 Hence, higher values of the thermal conductivities of the initial reactants could enhance the heat transfer in the reaction, and then the reaction rates would be faster.
The thermal conductivities (K) of the polyol dispersions are carried out at room temperature and the results are shown in Table 3 .
The thermal conductance in polymer/MWCNT systems is normally assumed to be controlled by a phonon conduction mechanism. 27, 28 The thermal conductivity of CNTs depends on different factors, such as morphology, chirality, diameter and length of the tubes, number of structural defects, specic surface area, as well as on the presence of impurities. [29] [30] [31] All CNPs increase the thermal conductivity of the polyol, being this effect more evident for polyol/MWCNT dispersion, which presents an increase of 50% compared to the neat polyol value. Therefore, MWCNTs facilitate an efficient phonon transfer through the inner layers increasing the thermal conductivity of nanouids. 32, 33 In the case of polyol/f-MWCNTs, the enhancement in K is lower due to the presence of functional groups that disrupt the p-conjugation, decreasing the phonon conduction mechanism and hence lowering the K value. Dispersions of FGS showed even lower values than f-MWCNTs ( Table 3 ). The thermal conductivity of graphene strongly depends on the synthesis method, size of graphene, edge roughness, concentration of defects and the dispersant molecules adsorbed on the surface. 34 Hence, the presence of defects and the capacity of adsorption of molecules on their surface, as well as their high specic surface area, reduce the thermal conductivity of polyol/FGS with respect to the dispersions of polyol/MWCNTs. Similar results have been reported in liquid epoxy resins. 32 The extent of conversion in rigid PU nanocomposite foams was followed by an adiabatic temperature rise, [35] [36] [37] [38] which monitors the temperature prole (Fig. 2) during the foaming reaction and hence it enables the evaluation of the extent of the monomer conversions. 39 Therefore, the kinetic data on fast bulk polymerizing systems can be calculated as follows.
The energy balance per unit polymer mass can be expressed as:
is the average value of the specic heat taking into account the values given by modern plastics encyclopedia 40 for cast polyurethane materials, (-DH r ) is the heat evolved per unit polymer mass, U is the global heat transfer coefficient per polymer unit mass, x and T are the conversion and the experimental temperature at a measured time t and T 0 is the temperature at t ¼ 0. The adiabatic temperature, T ad , can be obtained from the energy balance for adiabatic conditions and veries:
The adiabatic temperature prole with time of the experimental data is calculated combining eqn (2) and (3) and using the limits T ¼ T 0 for t ¼ 0 and T ¼ T ad for the measured time t.
where U 0 ¼ U/c p is the heat transfer coefficient, obtained by integrating eqn (2) for long times when dx/dt / 0. Consequently, the conversion of the reaction, x, is given by:
where r is the stoichiometric ratio of the functional groups, calculated taking into account the formulation data (0.774 in all the experiments) and DT ad is the maximum temperature rise. Fig. 3 shows the variation of the conversion x with time for neat and rigid PU nanocomposite foams with 0.35 wt% of CNPs loading fractions and Table 4 reports the average of the DT ad in each case. All samples show a similar conversion prole and nal degree conversion. However, rigid PU nanocomposite foams have faster conversion rates during the initial stages of the reaction compared to the neat foam ( Fig. 3 inset) , but no substantial differences are observed among the different CNPs. This similar behavior should be ascribed to a combination of the factors mentioned above. For MWCNTs, the large increase in the thermal conductivity of this system compared to the other two CNPs should have accelerated the reaction, 26, 41 while its high viscosity appears to counteract such effect. In the case of f-MWCNTs and FGS, although the thermal conductivity of these systems is smaller compared to the MWCNTs system, the low viscosities and surface functionalities seem to favor the extent of conversion. Similar effects have been observed using the adiabatic temperature rise method for PU foams with montmorillonite (MMT), 42 and the acceleration was attributed to the surface catalytic effect and the high surface area of the MMT.
The nal morphology of foams is determined by the reaction rate which controls the production of gas and the evolution of the uid rheology. 43 Furthermore, it should be considered that in reactive foams two phases govern the foaming dynamics and hence the morphological development: the continuously polymerising liquid matrix and the disperse gas phase. 44 Both phases are strongly inuenced by several parameters (e.g. rate of gas production, diffusivity) being surface tension, temperature and viscosity important on the bubble growth, formation and stability. Hence, if temperature increases, both viscosity and surface tension decrease, and then membranes become thinner and in some cases rupture because they cannot support the polymer stresses. [43] [44] [45] [46] Besides these parameters, in reactive polyurethane nanocomposite foams, two other competing effects inuence the cell diameter and should be taken into account: the blowing effect, which increases the cell diameter and the nucleation effect which decreases the cell diameter. The blowing effect is produced by the presence of water on the surface of the nanoparticles. Meanwhile, the nucleation effect depends on the degree of dispersion of nanollers on the polymer matrix. 47 The nal structure of rigid PU nanocomposite foams is observed by SEM ( Fig. 4 ) and the average cell size is summarized in Table 5 . It is widely known that hydrophobic particles can cause instability, producing the rupture of the cells. However, if the particles are well-dispersed in the system, they increase the bulk viscosity and thus can cause an increase of the stability. 48, 49 In addition, the effective stabilization mechanism is higher as the particle size is smaller. 50 In rigid PU foams lled with MWCNTs a good dispersion of the nanotubes is achieved in the initial system increasing the bulk viscosity which slows down the drainage rate, preventing the rupture of the cells. 48, 49 Hence, even if there is an important increase on the temperature of the reaction during the foaming, the high viscosity is enough to withstand the polymer stresses on the cell walls maintaining the cell structure. 46, 51 Therefore, the clear reduction of the cell diameter (Table 5) , as the content of nanoparticles increases, conrms the nucleation effect of MWCNTs on rigid PU foams.
On the other hand, rigid PU foams lled with low contents of f-MWCNTs and FGS show similar cell diameters as 0.17 wt% of MWCNTs. For high contents (0.35 wt%) of f-MWCNTs, the cell diameter is similar to that of neat rigid PU foam. This increase in the cell size as a function of loading fraction suggests that the blowing effect is dominant for these foams due to the hydrophilic nature of f-MWCNTs. In the case of FGS larger loading fractions (0.35 wt%) results in an increase of the cell diameter although less pronounced than in rigid PU foams with f-MWCNTs, because the content of the hydrophilic groups on the surface of the graphene sheets is lower. In addition, for rigid PU foams lled with high contents of FGS and f-MWCNTs, it can be observed (Fig. 4 ) a broad distribution of the cell size, which is related to coalescence effects. The lower viscosity of the initial dispersions of f-MWCNTs and FGS causes instability because of the stresses generated in the cell walls by the polymer and the nanoparticles, collapsing the cell structure. Foam density is an important physical property which inuences the mechanical properties and hence the nal applications of these materials. The densities of rigid PU nanocomposite foams are given in Table 5 . It can be observed that as the content of the CNPs increases, the foam density decreases. Fig. 5 shows representative SEM images of rigid PU foams lled with f-MWCNTs and FGS at high magnication where it is observed a good dispersion of the CNPs in the system, being located in the struts and walls of the cellular structure.
The SEM images show thinner cell walls for rigid PU nanocomposite foams, decreasing the foam density. This effect is also observed on the shape of the cell, which can be approximated to regular spheres for unlled rigid PU foams while in the case of rigid PU nanocomposite foams become polyhedrons. 52 The low densities for rigid PU foams lled with high contents (0.35 wt%) of f-MWCNTs and FGS are probably caused by the aforementioned instability of the cell structure. In order to conrm these qualitative results, the cell wall thickness and cell density of the rigid PU nanocomposite foams were calculated. The cell wall thickness can be obtained by eqn (6): 53
where d is the cell wall thickness (mm) d is the cell size and r foam /r solid is the ratio of foam density and solid density (the density of the initial liquid system). Fig. 6 shows the variation of the cell wall thickness for the different nanocomposite foams at the different wt% of nanoparticles. As can be observed, the cells become thinner as the content of carbon nanoparticles increases on the samples conrming the above mentioned discussions. Furthermore the cell density of the nanocomposite foams were calculated taking into account eqn (7) : 54
where N cell is dened as the number of cells per unit of volume of the solid materials (n cm À3 ). Fig. 7 shows the results obtained based on eqn (7) . The cell density increases as the content of carbon nanoparticles increases on the PU nanocomposite foams due to the nucleation effect. However, for higher contents of f-MWCNTs and FGS a dramatically decrease of the cell density can be observed. This change on the evolution of the cell density for these two types of carbon nanoparticles corroborated the observed instability of their cellular structure by SEM images and the aforementioned discussions. The EMI shielding effectiveness (SE) of rigid PU nanocomposite foams was measured in the X-band frequency region (8) (9) (10) (11) (12) . The measured shielding effectiveness (SE) is dened as the ratio between the incident power (P in ) and the power transmitted through a shielding material (P out ). The SE is expressed in decibels (dB): SE ¼ 10 log(P in /P out ). Fig. 8a shows the comparison of the specic EMI SE for high loading contents of CNPs normalized by the density of the nanocomposite foams.
As it is expected, the presence of CNPs increases the values of the specic EMI shielding effectiveness and it can be observed that this value is almost independent of the frequency on the studied frequency region. While the average value for neat rigid PU foam was approximately 4 dB cm 3 g À1 , the inclusion of 0.35 wt% of f-MWCNTs and FGS enhances this value to around 12.5 and 9.8 dB cm 3 g À1 , respectively. On the other hand, for MWCNT sample the specic EMI shielding effectiveness was more frequency dependent and the maximum value achieved for 0.35 wt% at 12 GHz was around 38.7 dB cm 3 g À1 . The increase in EMI shielding effectiveness is attributed to an increase in conductivity of the nanocomposite foams (Fig. 5b) . The conductivity increases by two orders of magnitude for foams with 0.35 wt% of MWCNTs and by one order for f-MWCNTs and FGS compared to the neat foam. Hence, raw MWCNTs form a better conductive network than f-MWCNTs and FGS in rigid PU nanocomposite foams. As a result, the explanation to the observed results is the combination of two different aspects: (i) the morphology and functionalization of carbon nanoparticles and (ii) the cellular structure of the nal foams. Foams with f-MWCNTs presented lower values of EMI shielding and conductivity than the ones with MWCNTs, which is ascribed not only to the lower aspect ratio of f-MWCNTs but also to the oxygen-bearing groups of their surface, creating defects on the crystalline structure of the carbon nanotubes and hence reducing the number of p-electrons. The same effect was observed on foams lled with FGS where the presence of functional groups on their surface prevents the high electronic transport of p-electrons. 21 On the other hand, the cellular structure of the nal foams plays a key role on the EMI shielding effectiveness of these polymer materials. Rigid PU nanocomposite foams with higher density and less collapsed structure favors the formation of a better conductive pathway due to an increase of the number of contacts between the nanoparticles, 52, 55 as it is observed for foams lled with MWCNTs. Furthermore, it should be highlighted that the EMI SE value obtained for rigid PU foams with only 0.35 wt% of MWCNTs, if the normalization by the density is not taking into account, is 27 dB which is higher than the targeted value for commercial applications, 20 dB. In the literature, similar values where obtained for higher contents of nanoparticles in the nal polymer foam, thus these rigid PU foams could be consider as promising materials for EMI shielding applications.
Conclusions
The inuence of the morphology, functionality and aspect ratio of carbon nanollers on the formation and properties of rigid PU foams was evaluated. An increase of the initial viscosity and thermal conductivity of the polyol/CNP dispersions played a key role on the extent of conversion of the reaction and, hence, it affected the cellular structure and density of the resultant nanocomposite foams. EMI shielding effectiveness of rigid PU foams was sensibly increased by the addition of carbon nano-llers. MWCNTs were the most effective ller enhancing the EMI shielding effectiveness by two orders of magnitude due to the formation of a better interconnected network within the system.
